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Observation of structural transitions and Jahn-Teller distortion in LaMnO 3 -doped BiFeO 3 thin films
Structural and functional properties of multiferroic BiFeO 3 are currently under debate. We utilized Raman spectroscopy to characterize the structural properties of pure and up to 10 mol % LaMnO 3 -doped polycrystalline BiFeO 3 thin films. All films were identified as phase-pure perovskite using x-ray diffraction ͑XRD͒. Although XRD has insufficient sensitivity for detailed thin film analysis, Raman experiments showed that pure BiFeO 3 structure is best described as monoclinic, and that doping with LaMnO 3 causes substantial modifications, namely, Jahn-Teller distortions to the ͑Mn, Fe͒ 3+ O 6 octahedra accompanied by structural transition toward orthorhombic. Manganese substitution is shown to be the main cause of these changes. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2903490͔ Presently, multiferroic BiFeO 3 ͑BFO͒ thin films and single crystals are receiving steadily increasing interest. At room temperature ͑RT͒, BFO is known to be both ferroelectric with T c Ϸ 1180 K and ͑G-type͒ antiferromagnetic with T N Ϸ 650 K, and posses a rhombohedral structure. 1 Even though remarkable ferroelectric properties, typically not found in bulk, were reported in certain epitaxial BFO thin films, 2 these results are currently under discussion. 3 In addition, usually encountered high leakage currents prevent even the observation of saturated ferroelectric hysteresis loops. In this respect, various approaches have been developed. Usually, A-site Bi ions are substituted with Nd ͑Ref. 4͒ and La ͑Ref. 5͒ in order to stabilize the structure. B-site Fe ion is substituted with alternate magnetic ions, e.g., Mn, 6 to improve inherently low ferromagnetic properties of BFO. However, doping of BFO materials, unpredictably, often yields adverse effects on leakage current and ferroelectric properties. 7 These controversies surely arise due to structural varieties, complex defect chemistry, and their intimate relations to functional properties. Therefore, they point out to the necessity of systematic structural characterizations in both pure and doped BFO systems. In this letter, we report on the structural changes in La-and Mn-doped sol-gel BFO thin films using Raman spectroscopy. Recently, it was shown that codoping with La and Mn ions improves certain functional properties of BFO thin films. 7, 8 Raman results revealed some very striking structural fluctuations between pure and doped BFO.Samples were processed by a sol-gel spin-coating method on ͑111͒Pt/ Ti/ SiO 2 / Si substrates, as described elsewhere. 9 In contrast to previous thin film studies, 10,11 use of platinized Si substrate allows avoiding any interference due to substrate scattering in Raman spectra. Average structure of the films was characterized by x-ray diffraction ͑XRD͒ ͑Cu K␣ emission, = 1.5418 Å͒. Raman spectra were gathered in backscattering configuration at 20 and 300 K using a Dilor X-Y spectrometer and 514.5 nm excitation. Laser power was varied up to 10 mW ͑on sample͒ to avoid local heating effects. Figure 1 shows XRD profiles of pure and 0-10 mol % La-Mn-doped BFO ͑LMBFO͒ thin films. In all cases, a pure perovskite phase is obtained, as reported earlier. 9 Even though minor variations can be seen between the spectra, such as merging of pseudocubic ͑110͒-and ͑−110͒-reflections and texture variations in LMBFO samples, it is extremely difficult to derive detailed structural information. Figure 2 gives typical Raman spectra of a pure BFO film. It can be seen that the spectrum is better resolved at a low temperature, and as expected from the contraction of the cell volume, peaks shift to higher frequencies. The spectrum collected at 20 K was deconvoluted and the obtained peak parameters are given in Table I , along with a comparison with recent literature data on single crystal, 12 epitaxial-thin film, 10 and ceramic BFO. 13 A reasonable agreement can be seen between our results and particularly those obtained at 4 K in ͑pseudocubic͒ single-crystal BFO. 12 ͑We do not attempt a comparison with the earlier Raman spectra on what were believed to be single crystals 14 because no other laboratory has been able to reproduce the very unusual data reported by them.͒ However, unlike other studies, our spectra a͒ Author to whom correspondence should be addressed. contain additional features which we attribute to a distinct monoclinic structure present in our film. According to the known selection rules for Raman active modes in different structures of BFO, 15 in normal Raman spectrum 13, 8, and 27 modes are expected for rhombohedral, tetragonal, and monoclinic symmetries, respectively. For our samples, a total of 18 modes are clearly noted in the studied frequency range. Assuming these are all first-order scattering, it can be asserted that the monoclinic is the most suitable attribute for pure polycrystalline BFO films.
We note that this assignment is consistent with the recent reports concerning epitaxial BFO films. For example, via use of polarized Raman scattering, Béa et al. showed that structure of BFO thin films, epitaxially grown by pulsed-laser deposition ͑PLD͒ on ͑100͒SrTiO 3 ͑STO͒, is thickness dependent and that a transition from tetragonal to monoclinic may occur with increasing thickness ͑70-240 nm͒, 11 i.e., due to strain relaxation. In agreement, Palai et al. has recently attributed the structure of a 300-nm-thick PLD BFO film on ͑100͒STO to monoclinic. 15 It is also in accord with an earlier prediction of a monoclinically distorted ͑tetragonal͒ perovskite structure for similar sol-gel BFO films ͑deduced from XRD-texture analysis͒. 16 Thus, consolidating all these observations, it is reasonable to suggest that BFO films are likely to preferentially grow with a monoclinic structure provided there is no stringent epitaxial constraint.
Raw Raman spectra of several LMBFO films are shown in Fig. 3͑a͒ . As clearly seen in all La-Mn-doped films, two strong and wide bands appear at around 620 and 480 cm −1 , which resemble those observable in orthorhombic RMnO 3 -type manganite perovskites ͑R: rare earth element͒ that display Jahn-Teller ͑JT͒ distortions 17, 18 ͓see, for example, top curve in Fig. 3͑a͒ for the Raman spectrum of LaMnO 3.0 , taken from Ref. 18͔. It is now widely accepted that these features are due, respectively, to symmetrical and asymmetrical stretching vibrations of the basal oxygen ions of the Mn 3+ O 6 octahedra, the frequencies of which are a weak function of the tolerance factor and varies only by Ϯ10 cm −1 with the type of R-ion. 17 Thus, the origin of similar features in LMBFO spectra is attributable to JT distortions of the Mn 3+ O 6 ͑and perhaps FeO 6 ͒ octahedra. Further, with increasing level of La-Mn doping, x, relative spectral intensity of the Raman bands typically observed in pure BFO film gradually fades away and becomes nearly extinct around x = 8 mol %. This is illustrated in Fig. 3͑b͒ , where evolution of the integrated intensity of the peak at 150 cm −1 ͑the most intense peak in BFO spectrum͒ with regard to the band appearing at 620 cm −1 is plotted as a function of x. It can be inferred that the drop in relative intensity of BFO features can be described by an exponential function, e.g., ␣e −x/1.36 in Fig. 3͑b͒ . Additionally, even though Raman intensity cannot be directly compared between spectra, from Fig. 3͑a͒ , it seems that octahedral distortions are the strongest for x = 5 mol %. We note that in a related study on functional properties of LMBFO films with x = 0, 5, and 10 mol %, the lowest leakage currents ͑by several order of magnitude difference͒ were observed for the same composition. 9 This point merits further study.
In an aim to shed more light on the role of each dopant type on these results, Raman spectrum of BFO films containing only 5 mol % Mn or La are also collected ͑Fig. 4͒. In the case of La-BFO film, it was observed that La doping slightly improved film crystallinity ͑judged from increasing signalto-noise ratio͒, and further, a Raman feature develops at around 605 cm −1 with an asymmetric high-frequency tail ͓see also Fig. 4͑c͔͒ . The improvement of BFO crystallinity as well as structural stability via La doping was also reported by Lee et al. 5 Figure 4͑c͒ shows that the shape, width and position of the 605 cm −1 band are rather different than those 20 This feature is usually attributed to two-phonon scattering 20 or impurity scattering. 21 Since an additional intense and broad feature at ϳ480 cm −1 is not evident in Fig.  4͑a͒ we believe that the asymmetric 605 cm −1 band in La-BFO cannot be linked to substantial JT distortions or structural transitions, as observed in LMBFO films. This conclusion is in tune with a recent report on La-BFO ceramics 22 where no structural transition was observed at up to ϳ30% La substitution by powder XRD as well as Raman spectroscopy ͑unfortunately, no Raman scattering data in the highfrequency range was provided by this reference͒. 22 Raman spectrum of Mn-BFO film ͓Fig. 4͑b͔͒ displays almost the same spectral changes observed for LMBFO samples, i.e., appearance of strong modes at ϳ480 and ϳ620 cm −1 and weakening of spectral features related to pure BFO structure. Thus, it appears that Mn ion is the main cause of octahedral distortion and structural transition ͑monoclinic-orthorhombic͒ in LMBFO. This conclusion is consistent with a recently published 23 ͑tentative͒ phase diagram of BiFe 1−y Mn y O 3 where an orthorhombic structure is foreseen for low y values ͑including y Ϸ 0 region͒. Figure 5 compares the normalized Raman spectra of several LMBFO samples with that of pure and La/ Mn-doped BFO films between 120 and 250 cm −1 , where all peaks are attributable to Bi-O vibrations. 4 In general, dopings broaden BFO bands probably due to increasing dispersion in Bi-O bond lengths. Further, compared to pure BFO spectrum upward peak shifts by a few cm −1 can be seen for most of the bands in La-BFO and LMBFO spectra, which can be explained by the substitution of Bi with La ͑mass of La is smaller͒. As for Mn-BFO and 8 mol % LMBFO samples the relative weight of 150 cm −1 band is greatly reduced ͓also compare Fig. 4͑a͒ and 4͑b͔͒ . This is perhaps related to a change in the number of longer Bi-O bonds that produce this band ͑in Bi oxides, Raman frequency of Bi-O bonds is inversely proportional to Bi-O bond length͒. 24 In conclusion, Raman spectroscopy has been used to characterize pure and La-and/or Mn-doped sol-gel BFO thin films. Number of observed Raman bands, considered along with recent results on epitaxial BFO films, indicates that strain-free BFO films posses a monoclinic structure. It is shown that doping with Mn ions ͑alone͒ induces an orthorhombic structure to develop, which displays strong JT distortions. Our results are likely to offer useful information as to the nature of magnetic properties in doped BFO systems as well as to the structural transitions in the BiFeO 3 -LaMnO 3 solid solution system and resulting ferroelectric and electric properties.
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